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1. Derivation

Consider the transient convection-diffusion-reaction problem with the scalar unknown
p, the convection velocity a, the coefficient of diffusivity v > 0, the volumetric source
term s and the reaction term o.

pt+a-Vp—V-(vVp)+op=s inQ (1.1)
with the boundary condition
p=1inTI%
p = 0 in F4

The problem is solved using SUPG and GLS for the spatial discretization and Padé
approximations using Ry 1, 22 and Ry for the time derivative.

1.1 Weak Form

(1.1) gives the strong form of the problem. The equivalent weak form can be obtained
by multiplying the equation with weighting function w and integration by parts. The
trial solution space S consists function p defined on € such that Dirichlet condition is
satisfied. The space V of the weighting function w is chosen such that w = 0 on I'p.
The weak form will then be find u € § such that

/wptdQ—l—/w(a-Vp)dQ—/wV'(VVp)dQ—l—/w(ap)dQ:/wsdQ Yw € V.
Q Q Q Q Q

Performing integration by parts and using the fact that w =0 on I'p,

/me dQ+/Qw(a-Vp) dQ/QVw~(qu) dQ+/Qw(0p) a9

= / ws d2 +/ w(vVp-n)dl' Ywe V. (1.2)
Q I'n
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Introducing the compact form of (1.2) based on the integral forms defined in the follow-

ing,

/ wpy dQ = <w, 8[)) / w(a - Vp)dQ = c(a;w, p)
Q ot )
/ Vuw- (vVp)dQ = a(w, p) / w(op) dQ = (w,op) (1.3)
Q Q
/ ws dQ = (w, s) / w(wVp-n)dl' = (w,h)ry
Q I'n
The compact form of the weak form can be written as,
0
(.52 + clasw ) + 2l ) + (w.0p) = (w.8) 4 (w0 (1)

Since there is no Neumann boundary condition in the problem stated in (1.1) the weak
form becomes,

(1057 ) + clasuwnp) + aluw, ) + (1.09) = (w.) (15)

In addition, the weak form for the steady-state diffusion-convection-reaction problem
can be written as,

c(a;w, p) +a(w, p) + (w,0p) = (w, ) (1.6)

1.2 Padé approximation for temporal discretization

The strong form in (1.1) can be rewritten as

pt+L(p) =s (1.7)

where the spatial differential operator is defined as,
L:=a-V-V-wV)+o (1.8)

Two stage explicit scheme, R3 o
For two stage explicit scheme,
22 0
Ryp(2) =1+ 2+ — where z= At (1.9)
’ 2 ot
Using Taylor series expansion to obtain the discretization of the temporal derivatives we
get
0 At dp
p

p(t" ) = p(t") + Atoo o+ 2(%) + O(AL?) (1.10)
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which yields the two stage explicit method as

n+1/2 _ pn+ g%

P 2 ot
o n+1/2
P = p" + At pat (1.11)

By replacing the time derivatives in (1.7) and (1.8), the Galerkin formulation of two-stage
explicit Padé methods is,

At

(w0, 72) = (w,0") + 5 [(w,s") = elaiw, o) = a(w, p") = (w,0p")

At
(1w, 1) = (w, ") + 5= (w0, 574172) = (@i w, p"112) — aw, V%) — (w, 09"+
(1.12)
One stage second order scheme, Ry 3
For one stage implicit scheme,
1 2 0
Ri1(z) = . i_ 22 where z = Ata (1.13)

Using Taylor series expansion to obtain the discretization of the temporal derivatives we
get
1+ 2z/2

Pl ) = T 0lt") (114)

rearranging this we get

prit—pn 10 (" —p")  op"

At 2 ot ot (1.15)

The compact form of the implicit Padé scheme can be written as,

Ap 0Ap  Op"

The time derivatives in (1.16) can be replaced by spatial derivatives using the rewritten
strong form in (1.7) and (1.8). For the problem stated in (1.16) becomes,

% ~ WL(Ap) =w[s" — L(p")] + WASs (1.17)

For one stage second order scheme,

As = "1 — " (1.18)
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Two stage fourth order scheme, R> >
For two stage implicit scheme,

»

where z = Atgt (1.19)

1+

+
Ryo(z) =

[M[\]

[SSIISE NI
=R [N
Rl

Rearranging terms in the above equation we obtain the same compact form as in (1.17)

with
pn+1/2 —p 8n+1/2 "
Ap = pn+1 _ pn+l/2 gl _ gnt1/2
1 [7 -1 111
W= [13 5 } VT3 M (1.20)

1.3 Stabilization techniques

In order to stabilize the convective term and guarantee the solution for the differential
equation is also a solution for the weak form given in (1.4) an extra term is added over
the element interiors in (1.4). This term is a function of the residual of the differential
equation to ensure consistency. The weak form with the stabilization term can be written
as

< gi) + c(a;w, p) + a(w, p) + (w, op) +Z R(p) dQ2 = (w,s) (1.21)

The weak form for the compact implicit Paé given in (1.16) can be obtained as,

(w, ii) — < aAp) +Z w)TR(Ap) dQ = <w,w%”:> (1.22)

where P(w) is a certain operator depends on different stabilizing methods, 7 is the
stabilization parameter and R(p) is the residual of the differential equation, which for
the unsteady convective-diffusion reaction problem is,

R(p)=pt+a-Vp—V-(vVp)+op—s
For the compact implicit Padé, R(p) is obtained as,

Ap W@Ap 9p"

Rp) =77 =Wy Wy

The SUPG method
For the SUPG method, the stabilization operator P(w) is obtained as,

P(w) :=a-Vw (1.23)
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Or for the multistage scheme,
P(w) :=W(a-V)w (1.24)

The GLS method
For the GLS method, the stabilization operator P(w) is obtained as,

P(w) = 681;) +a-Vuw—-V.-wVw)+ow (1.25)
Or for the multistage scheme,
P(w) = % +Wia-Vw—-V . (vVw)+ ow] (1.26)

1.4 Discretization

Discretization on the unknown p and testing function w is given as follows,

DNelem

p(z) = Z p;iNj(@)

DNelem

w(z) = Z w;N;(x)

Representation of matrices to simplify the writting of equations are given below.

M= [ N;N;d
Qe
Qe
Qe

K= [ VN; (vVN;)dQ
Qe
Qe

f= / sIN;dS)

1.4.1 Steady state problem

The matrix representation of the weak form (1.6) of the steady state problem can be
written as

(C+K+oM)p=f (1.28)
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Considering the SUPG and GLS stabilization techniques with linear elements and ne-
glecting the diffusion term, the stabilization terms can be written as following,

SUPG : Z w)TR(Ap)dQ = (a- Vw)r(a-Vp—V - (vVp)+op—3)
GLS : Z w)TR(Ap)dQ = ((a- V)w -V - (vVw) +ow)r(a-Vp—V - (vVp)+0op—s)

In the matrix form the above equations of SUPG and GLS can be written as,

SUPG (C+K+oM+7(B+0D))p=1Ff+7sD
GLS (C+K+oM+7(B+0oD+0C+0*M))p =f + 7s(D + ocM)

Finally the linear system to be solved can be written as the following,
Ap=F
Galerkin method
A=C+K+ocM and F=f

SUPG

A=C+K+oM+7B+0D) and F=f-17sD

GLS

A=C+K+oM+7(B+0oD+0C+0*M) and F=f—75(D +oM)

1.4.2 Explicit Pade

The two stage explicit Pade Ry g is presented in (1.12). By using the matrix abbrevation
defined in (1.27), the matrix form for the simple Galerkin approximation can be written
as follows,

tMAm — " — (C+ K+ oM)p"

A
AtMAp = f"H1/2 _ (C 4+ K 4 oM)p"+1/? (1.29)
where Ap; = p"t1/2 — p" and Apy = p"tt — p7 .
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Now, consider the two different types of stabilization techniques, that is SUPG and
GLS. The diffusion term is neglected as the linear elements are used. The stabilization
of the first step of Ry is written as follows,

Apl n (3 T
SUPG : §j W)TR(Ap1)dQ = (a-Aw)T(E—f—a-Vp V- (V) + ap —s)
GLS : E: JrR(AP)AL = (— 4 a-V)w -V - (0¥
JTR(Ap1) (E—l—a- Jw—V - (v w)+aw)7

(APQ +a-Vp" =V - (vVp")+op" — s”)
At

Replacing p" with p"t1/2 and by representing in the matrix form as described in the

(1.27), the stability terms are written as follows,

1
SUPG:  (2M+7D)Ap; =£" = (C+ K + oM+ 7(B +0D))p" + 75D

At
1
E@M +7D)Aps = Frtl/2 (C+K+oM+7(B+ OD))pn—i-l/z 4 7sD
M
GLS: At(2M+T(E+D+0M))Ap1:f"—(C—i-K—i-JM)pn
1 o 2 n 1
+T(7C+B+UC+EM+UD+O' M)p +73(EM+D+0M)
1 M
At(zM + T(E-i- D +oM))Apy = £711/2 — (C + K + oM)p" /2

1
~M+D+oM)

+T(iC+B+O'C+ iM+UD+O'2M),On+1/2 —I—Ts(
At At

At

Finally the linear system to be solved can be written as follows,

AApy =Fqp"
Ay Apy = Fypt1/2

where the values of p can be computed from p"t! = p"+Apy. The details of the matrices
for different methods are described in the following sections.
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Galerkin Method

9
A = —M
YN

Fi=f"—(C+K+oM)p"
1
A.2 = KtM
Fy = f"T1/2 _ (C + K 4 oM)p"1/2

SUPG
1
Fi=f"-(C+K+oM+7(B+0D))p" + 7sD
1
Ay = E(M +7D)
Fy = f""/2 _ (C+ K+ oM+ 7(B +0D))p"/2 4 75D
GLS

A, = ;(2M+T(E+D +0M>)

T

At

1

Fl:fn_<<1+ At

+r0>(C+0M)+K+7‘(B+raD)>p”+7‘s< M+D—|—0’M>

Ay — Alt(M—I—T(Z/It—I—D+aM>)

Fo = f7H1/2 ((1 +

T

At

1

+ 7’0’) (C+oM)+K+7(B+ 7“0'D))p”+1/2 + TS(At

M+D+0M)

Implicit Pade

Considering the implicit pade method, the compact weak form can be written as follows,

A
(w0, 52) = (w, WL + Y | P)rRAp)AQ = (w,w(s" — L(")) + (w0, W)

The matrix form of different methods is described in the following sections.

Galerkin Method

1

AM T+ (C+K+oM)W

Ap = (wi" + WAS) — (C+ K + ocM)wp"
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Galerkin Method with stabilization

1
~M+ (C+K+oM)W

X Ap + Z w)TR(Ap)dQ =

SUPG stabilization term,
Ap
Z w)TR(Ap)AQ = (W(a - V)w)T[E -

The matrix form of SUPG can be written as follows,

1 1
oM+ (C+K+0M)W+TW(ED+W(B+0D))

= (wf" + WASf) - (C+ K+ ocM)wp" + 7W(w

GLS stabilization term,

Ap

(wf™ + WATF)
aAp 3/)”
T

—(C+K+oM)wp

(B+oD)p" — D(ws" 4+ As))

Ap

Z w)TR(Ap)dQ = [% +W((a-Vw—-V-(vVw)+ aw)]T [— —

The matrix form of GLS can be written as follows,

1
tM+(C+K+O’M)W+T[

A At(A

+ W (

A At

= (W + WAf) = [C+ K+ oM +7(5

1
—7(ws" + WASs) (EM +D + aM)

Finally linear system to be solved can be written as follows,

AAp=F

Similar to the previous case, the values of p can be computed from p"+!

Matrix form of Galerkin method

1
A= M+ (C+K+ oMW

F=ws"+WAs— (C+K+ocM)w

M+ WC + cWM)

tD +WB +0WD + M+ oWC + 0>WM)]

Ap

At

0A P ap"
ot W}

4(C+oM)+ W(B+0D+0C+ o*M)) |w

= p"+ Ap. The
details of the matrices for different methods are described in the following sections.

10

n
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Matrix form of SUPG

1
At

1

A
At

M+(C+K+0M)W+TW( D+W(B+0—D))

F=(1+7WD) (ws"+WAs) - (C+K+ oM+ 7W(B +¢D))wp"

Matrix form of GLS

A= ((1+7‘1t+r0W)M+TWC)

N A

+ (C—I—K+0M+T(A1tD+;M+W(B+JD+C)+02M)>)W

1

F— (1+T<At

M+ D + UM))(WS” + WAs)

1
- (C +K + oM+ 7((C+0M) + W(B+0(D+C) +02M))>wp”

11



2. Steady State Problem

The domain under consideration is 2 = (0,2) x (0,3) € R2. The boundary I', with
Dirichlet and Neumann boundary conditions such that I' = I'p U 'y, is defined by the
following closed set as,

'y = (0,0) x (0,3/2)
'y = (0,0) x (3/2,3)
I's =(0,2) x (3,3)
Ty = (2,2) x (0,3)
I's = (0,2) x (0,0)

The domain and its boundaries is presented in Figure 2.1.

y
(0,3) @2 3

FZ
© I,

3%

— X

(0,0 T, 2,0)

Figure 2.1: Domain with boundaries

Considering the steady-state case and solving the problem with linear and quadratic
elements and the following convective velocity, diffusion parameter, reaction and source:

(1) a=(-1,0), v =10"3, 0 = 1073, s = 0, number of elements is 20 per direction.

For this case the Peclet number is 62.5 when the number of elements is 20 per
direction.

12
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(c) GLS

Figure 2.2: Results with linear elements

As it can be seen from Figures 2.2a and 2.3a that the Galerkin solution is corrupted
by non-physical oscillations when the Péclet number is larger than one. It can be
observed that when the stabilization term is included to the Galerkin weak form,
the results are smooth and stable without any oscillations.

13
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(c) GLS

Figure 2.3: Results with quadratic elements

(2) a=(-1073,0), v =103, 0=1,5=0

For this case the Peclet number is 0.0625 when a mesh with 20 elements per
direction is considered.

14
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(c) GLS

Figure 2.4: Results with linear elements

This test is a reaction dominant problem. As the Péclet number is automatically
satisfied due to the parameter settings. Galerkin and Galerkin with SUPG or GLS
all give stable results regardless the size or the mesh, as presented in Figures 2.4
and 2.5.

15
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(c) GLS

Figure 2.5: Results with quadratic elements

(3) a=(-1,0),v=10"3,0=0,s5s=1

For this case the Peclet number is 0.0625 when a mesh with 20 elements per
direction is considered.

16
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(c) GLS

Figure 2.6: Results with linear elements

This test is a source term dominate problem. As the Péclet number is also au-
tomatically satisfied due to the parameter settings. Galerkin and Galerkin with
SUPG or GLS all give stable results regardless the size or the mesh, as presented
in Figures 2.6 and 2.7. As there is a constant source term inside the domain, the
solution at the nodes tends to go up and have very large displacements (as in the
Figures 2.6 and 2.7, the magnitude of the displacement is at around 600 to 800).
As the boundary I'; and 'y is bounded, assigned the Dirichlet boundary condition,
those boundaries are fixed which can also be observed in the figures.

17
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(a) Galerkin (b) SUPG

(c) GLS

Figure 2.7: Results with quadratic elements

18
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